I. INTRODUCTION
Amorphous-crystalline silicon heterojunction solar cells have attracted increased attention after it was demonstrated that high efficiencies ͑21%͒ can be achieved on Cz silicon using a simple structure and only low temperature processes.
1 This approach has the potential of becoming a cost-effective alternative for present day c-Si and poly-Si solar cell technology.
The p-n junction in such solar cells is formed by a low temperature deposition process ͑plasma enhanced chemical vapor deposition: PECVD͒ and not by the conventional high temperature diffusion process above 900°C. PECVD has the advantage of not only being a low temperature process, but is also a process in which the doping, band gap, and thickness of the deposited layers can be controlled and profiled accurately, which offers new opportunities for optimizing the device performance. Due to the low process temperature, cheaper lower-quality substrates ͑which would normally degrade in a high temperature process͒ can be used. Back surface fields and passivating layers can also be made by deposition. Finally, low temperature deposition will be one of the most promising options for junction formation for next generation thin film polysilicon solar cells grown on cheap substrates ͑e.g., glass͒.
Amorphous-crystalline silicon heterojunction solar cells usually consist of a thin (Ͻ30 nm) highly doped amorphous silicon window layer deposited on a crystalline silicon wafer of opposite doping. Apart from formation of the p-n junction, this window layer should have a high transparency ͑in order to maximize light absorption in the crystalline silicon base͒ and a high conductivity for reducing the cell's series resistance. Microcrystalline silicon could be a more suitable material as the window layer in silicon heterojunction solar cells. It possesses not only a low absorption coefficient in the blue part of the absorption spectrum but also a much higher conductivity than conventional amorphous window layers such as p ϩ a-SiC:H or p ϩ a-Si:H. Highly conductive p-type microcrystalline silicon films have been obtained in the past by several groups using PECVD and other techniques, 2,3 but the deposition conditions used were often extreme ͑e.g., high power and high frequency͒, and not easily transferrable to solar cell production. Moreover, most of the claims of high conductivity are confined to thick films (Ͼ100 nm) which do not ensure that this property will remain at the smaller thickness employed in window layers of solar cells. It has been shown by many groups that it is difficult to achieve microcrystalline doped window layers with sufficiently small thickness (Ͻ20 nm). 4 This has been attributed to an incubation phase during the c-Si:H growth which hinders the deposition of thin c-Si:H films. 5 In order to improve the performance of heterojunction solar cells a thin amorphous silicon buffer layer is sometimes a͒ Electronic mail: cleef@fys.ruu.nl b͒ Present address: Intec, Universidad Nacionale del Literal, Güemes, 3450, 3000 Santa Fe, Argentina.
inserted between the p layer and the crystalline silicon ͑the so-called HIT solar cell: heterojunction with intrinsic thin film͒. 6, 7 The exact role of such a thin buffer layer on the operation of these solar cells is still unclear. In this paper we present a method to achieve highly conductive 20-30 nm thin p ϩ c-Si:H films on crystalline silicon at moderate PECVD deposition conditions and show the successful implementation of these window layers in crystalline silicon heterojunction solar cells. Detailed numerical simulations will be used to gain insight into the operation of these cells and to explain the observed improvement in cell performance upon incorporation of a thin buffer layer between the p ϩ c-Si:H layer and the c-Si wafer. We will finally present a new method to passivate at a low temperature the defects inside the crystalline silicon wafer close to the amorphouscrystalline interface.
II. EXPERIMENT
Boron doped c-Si:H films were made by PECVD in an UHV multichamber deposition system 8 at the standard rf frequency ͑13.56 MHz͒, a low power density (100 mW/cm 2 ), and low substrate temperature ͑160°C͒. Trimethylboron was used as the dopant gas. High hydrogen dilution (H 2 /SiH 4 ϭ200) and a reduced pressure ͑0.99 mbar͒ were also necessary to maintain microcrystallinity at a small film thickness (Ͻ30 nm). 9 The microcrystallinity of these films was investigated by Raman spectroscopy measured in the backscattering geometry. The 5145 Å line of an Ar ion laser with a plasma filter was used for excitation. Films were deposited on double side polished n-type 1 ⍀ cm Cz c-Si wafers having a thickness of 250 m. For optical and electrical characterization, films were also deposited on Corning 7059 glass substrates.
Heterojunction solar cells incorporating the microcrystalline layers had the following configuration: Al͑200 nm͒/ (n)c-Si͑250 m͒/buffer͑0-5 nm͒/(p ϩ )c-Si:H͑30 nm͒/ITO ͑80 nm͒/Ag grid ͑100 nm͒. A simple cell structure was chosen ͑without BSF, texturization, or extra antireflection coatings͒ and all the processing was done at low temperature ͑below 220°C, i.e., substrate temperature used for the deposition of the ITO layer͒. Prior to deposition, the natural oxide on the wafer was removed by dipping the wafer in diluted HF ͑1%͒ for 1 min. Some (n)c-Si substrates were subjected to an extra atomic hydrogen exposure at a substrate temperature of 300°C for 10 min prior to the buffer layer deposition. The atomic hydrogen was produced in a separate chamber of the same multichamber deposition system by flowing hydrogen gas along a hot ͑1800°C͒ tungsten wire. In this so-called hot wire chemical vapor deposition ͑HWCVD͒ 10 technique the substrate can be exposed to atomic hydrogen without additional detrimental ion bombardment and thus can be used for passivation of surface states and of defects in the c-Si close to the surface. Three different ultrathin buffer layers were investigated: ͑1͒ device quality a-Si:H, ͑2͒ a-Si:H deposited at low substrate temperature (ϳ100°C), ͑3͒ a-SiC:H. The various deposition conditions of the intrinsic amorphous silicon buffer layers are listed in Table I . The transparent front contact ͑ITO͒ was deposited by reactive evaporation of an indium-tin alloy (In 0.9 Sn 0.1 ) in an oxygen atmosphere (10 Ϫ4 mbar) at a substrate temperature of 220°C. Finally, aluminum at the back and a silver grid pattern at the front of the cell were deposited to form the contacts.
III. RESULTS AND DISCUSSION

A. Microcrystalline silicon
First we show results of the growth of microcrystalline silicon layers on crystalline silicon at moderate deposition conditions. Figure 1 shows the Raman spectrum taken of a 20 nm thin p ϩ -c-Si:H layer deposited on a c-Si wafer at a pressure 0.99 mbar. The Raman signal can be deconvoluted into the pure crystalline silicon contribution from the substrate ͑fixed at 520 cm Ϫ1 ͒, the amorphous component at 480 cm
Ϫ1
, and the crystalline component at 514 cm Ϫ1 of the p ϩ c-Si:H layer. The peak position of the crystalline component of the p ϩ c-Si:H layer is shifted from the pure crystalline silicon peak position (520 cm
). No such shift is observed for thick (ϳ300 nm) p ϩ -c-Si:H layers, which have much larger grains. This suggests that the shift is caused by the grain size effect 11 and any contribution to the shift due to coupling of plasmons and phonons is negligible. The crystalline volume fraction 12 in this film was about 22%. This is well above the critical volume fraction ͑16%͒ needed for carrier transport along the percolation path. 12 This indicates that, the incubation phase is short or nonexistent. These conditions then lead to homogeneous microcrystalline growth which starts directly at the surface of the substrate resulting in microcrystalline layers even at small film thickness. This is confirmed by the high conductivity (3 ϫ10 Ϫ2 S/cm) and low activation energy ͑0.059 eV͒ of a thin ͑15 nm͒ p ϩ c-Si:H film deposited on a glass substrate. 9 Figure 2 shows the measured optical properties of the microcrystalline layers. Compared to a device-quality p ϩ a-SiC:H window layer, the p ϩ c-Si:H layer has a lower absorption coefficient above 2.2 eV. In this part of the spectrum where ␣ is above 10 4 cm
, small changes in the absorption coefficient can have a large influence on the blue response of a solar cell. This is illustrated in Fig. 3 which shows the simulated absorption as a function of wavelength for a 30 nm p layer when using different types of window layers ͑p ϩ a-Si:H, p ϩ a-SiC:H, p ϩ c-Si:H͒ in a standard heterojunction solar cell. The simulations were done with a ray tracing program on a multilayer structure using the optical constants ͑refractive index and absorption coefficient͒ of the separate layers as an input parameters. 13 The program also takes into account interference effects. 
B. Buffer layer
The quality of a window layer can only be judged in the actual solar cell configuration. A solar cell made with a 30 nm thick p ϩ c-Si:H window layer directly deposited on the crystalline silicon wafer ͑no buffer layer inserted͒ showed very high short circuit current density J sc (ϳ29 mA/cm 2 ), which proves the excellent window properties of the p ϩ cSi:H layer. However, the open circuit voltage V oc (ϳ0.3 V) and the fill factor FF (ϳ0.4) of this cell were very poor. Also, the forward dark current density at low voltage was very high (ϳ5ϫ10 Ϫ4 A/cm 2 ), indicating the presence of efficient recombination processes.
In order to improve the values of V oc and FF, we studied the incorporation of various thin buffer layers between the c-Si and the p ϩ c-Si:H. A successful buffer layer has to fulfill three requirements: ͑1͒ it has to form a nucleation layer for c-Si:H growth, ͑2͒ it should have a low defect density, and ͑3͒ it should passivate the surface dangling bonds on c-Si. Microcrystalline silicon layers were grown on three intrinsic amorphous silicon buffer layers: ͑1͒ device quality a-Si:H, ͑2͒ a-Si:H deposited at low temperature ͑100°C͒, ͑3͒ a-SiC:H. Though microcrystalline silicon grows easily on c-Si substrate, it can be observed in the Raman spectrum ͑Fig. 4͒ that a film of equal thickness ͑30 nm͒ grown on device quality a-Si:H is completely amorphous in nature. This film has a very low conductivity (3 ϫ10 Ϫ8 S/cm) and a high activation energy ͑0.49 eV͒. However, films grown under the same conditions on low temperature a-Si:H or a-SiC:H show a considerable crystalline component in the Raman spectrum. Infrared analysis and CPM studies reveal that these two amorphous ͑silicon͒ buffer layers exhibit a high microstructure factor R* ͑0.5 and 0.8 for the LT a-Si:H and a-SiC:H, respectively͒ and large Urbach tail parameter E 0 ͑80 and 110 meV, respectively͒ compared to device-quality a-Si:H ͑R*Ͻ0.1 and E 0 ϭ48 meV͒. Apparently, the crystalline volume fraction increases when the microcrystalline layer is grown on a highly strained, void rich network.
Heterojunction solar cells incorporating the low temperature deposited a-Si:H buffer layer ͑2-5 nm͒ showed more than one order lower reverse and forward current density at low voltage compared to the cell without any buffer layer. More importantly, the cells with the 0.6-2 nm buffer layer show a large improvement in V oc , i.e., from 0.35 V to over 0.50 V and to a smaller extent in fill factor, see Fig. 5 . The short circuit current density (J sc ) remains roughly unchanged even for a 3 nm buffer layer. Due to the low deposition temperature used, the band gap of the a-Si:H is widened to 1.9 eV which reduces the optical absorption in the buffer layer compared to device-quality a-Si:H ͑band gap of 1.7 eV͒. The application of a 2 nm buffer layer resulted in an increase of the solar cell efficiency from about 4% to nearly 9%. For thicker buffer layers (Ͼ3 nm) the low conductivity of the intrinsic a-Si:H layer becomes dominant, thereby increasing the solar cell series resistance which lowers V oc and FF.
C. Modeling
In order to gain understanding about the exact role of a buffer layer inserted between the p ϩ c-Si:H and the (n)c-Si layer, we employed the computer code AMPS ͑analy-sis of microelectronic and photonic structures developed at The Pennsylvania State University 15, 16 ͒ for model studies. An overview of input parameters used in our simulations has been listed in Table II. A midgap defect density of  10 12 cm Ϫ3 was adopted in the crystalline silicon wafer and an extra 5 nm thin defective layer at the top surface of the wafer has been added in order to simulate the presence of a high density of interface states. Experimentally determined values of the low temperature deposited intrinsic a-Si:H and p ϩ c-Si:H layers were taken as input parameters for the buffer and p ϩ layer. The band-gap difference between the p ϩ layer/buffer and buffer/c-Si was initially equally distributed between the valence and conduction band, but the effect of different distributions was also studied by adjusting the unknown electron affinity of the buffer layer. Interface defect densities in a range between 10 10 cm Ϫ2 and 10 13 cm
Ϫ2
, and buffer layer thickness in the range of 0-5 nm were explored. Figure 6 shows the simulated dependence of V oc and J sc with respect to the buffer layer thickness. We found for densities of interface states below 10 12 cm
, in agreement with our experimental results, a significant improvement of V oc upon incorporation of a thin ͑1-5 nm͒ wide-band-gap buffer layer while J sc remains almost unaltered. The origin of this significant improvement of V oc can be found by comparing the recombination rate profiles of the two solar cell configurations with and without a thin buffer layer. Figure 7 shows these calculated recombination rates for a forward voltage of Vϭ0.5 V and under 100 mW/cm 2 illumination. Note that this plot was drawn on a log-log scale. For the cell having a 3 nm buffer layer incorporated, the recombination rate is high in the p ϩ layer and at defective interface ͑interface defect density of 10 11 cm
͒. However when no buffer is included, there is a much stronger recombination inside the p ϩ layer. We have seen in our simulations that for this particular case the recombination losses surpass the photocurrent generated inside the p ϩ c-Si:H layer. Since the minority carriers, which limit the recombination in this layer, are electrons, this means that a considerable number of electrons are diffusing from the crystalline silicon into the p ϩ layer and recombine there immediately. Near V oc the internal electric field opposing the electron back diffusion is quite weak and the combination of a large density of defects together with a low mobility gap of the p ϩ c-Si:H layer gives rise to large recombination losses, which lowers V oc significantly. The model indicates that the solar cell performance can be improved significantly by blocking or at least reducing this backdiffusion of electrons into the p ϩ layer. When a wide band-gap buffer is inserted between the wafer and the p ϩ c-Si:H layer, the band discontinuity at the conduction band (⌬E c ) prevents photogenerated electrons from diffusing back into the p ϩ layer, see Fig. 8 . As a result, the recombination losses in the p ϩ layer are strongly reduced which leads to a higher V oc .
On the other hand, for voltages lower than V oc , photogenerated holes coming from the crystalline silicon have no difficulties in reaching the p ϩ layer by drift diffusing over the potential barrier in the valence band. This is because the effective barrier for photogenerated holes moving towards the p ϩ layer is lower than the effective barrier that electrons diffusing back into the p ϩ layer have to surmount ͑i.e., electric field in the c-Si depletion region in addition to conduction band discontinuity͒. Therefore the photocurrent is not affected by the discontinuity in the valence band. Additional simulations revealed that this only holds when the discontinuity in the valence band is less than 0.45 eV. For higher valence band discontinuities the hole collection is suppressed and the current already starts decreasing at a relative low forward bias leading to S-shaped light J -V characteristics and low fill factors. Since we did not observe any S-shape character or low fill factors (FFϾ0.7) in the experimental J -V characteristics of our optimized heterojunction solar cells, we infer that in our devices the valence band discontinuity is less than 0.45 eV.
Since the buffer layer is quite thin (ϳ3 nm), we also investigated the effect of direct and multistep tunneling currents flowing through the buffer layer on the illuminated J -V characteristics. Preliminary modeling results show that for an equally distributed band discontinuity distribution, these mechanisms do not introduce significant changes in the J -V curves predicted by AMPS. Wide band-gap buffer layers even as thin as 1.5 nm do not allow for much electronbackdiffusion into the p ϩ layer.
D. Low temperature passivation
The experimental open circuit voltages of the heterojunction solar cells in the previous sections are rather low (V oc ϳ0.5 V) compared to crystalline silicon homojunction solar cells made on Cz grown silicon. From our simulation studies, see Fig. 6 , we conclude that V oc and efficiency can be enhanced if we are able to reduce the amount of defects in the crystalline silicon close to the interface below 10 12 cm Ϫ2 . Our approach was to passivate these defects by atomic hydrogen produced by the hot wire technique. It is well known that atomic hydrogen can diffuse into crystalline silicon already at low temperature (ϳ300°C) and thereby passivate dangling bonds. 17 During subsequent junction and contact formation processes, the temperature does not exceed ϳ350°C, ͑i.e., the effusion temperature of hydrogen͒ and therefore the hydrogen is expected to remain inside the crystalline silicon.
Experimentally we found, by comparing the J -V characteristics of heterojunction solar cells having identical buffer ͑3 nm͒ and p ϩ layer but different pretreatment of the c-Si wafer, that an extra atomic hydrogen pretreatment of the crystalline silicon wafer prior to buffer layer deposition leads to an improvement in all the photovoltaic parameters, especially in open circuit voltage ͑V oc from 0.50 to 0.57 V͒ and fill factor ͑FF from 0.64 to 0.73͒. With the atomic hydrogen pretreatment the solar cell efficiency is improved from 8.9% to 12.2%. Spectral response measurements ͑Fig. 9͒ show that the red response is significantly enhanced without much change in the blue response for the case of the H-passivated heterojunction solar cell. This indicates that more holes which are generated deep inside the crystalline silicon are collected, presumably due to lower recombination losses near the interface. This demonstrates the feasibility of the hot wire technique producing atomic hydrogen to passivate the defective surface of crystalline silicon without causing serious additional damage as is common in most H-plasma treatments.
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IV. SUMMARY
We have shown that thin ͑20-30 nm͒ microcrystalline layers with good window properties can be deposited at moderate PECVD conditions on crystalline silicon coated with amorphous silicon buffer layers. The performance of heterojunction solar cells incorporating such window layers was critically dependent on the type of buffer used and the quality of the interface. A large improvement in open circuit voltage is observed in these solar cells when a thin 2-3 nm wide band-gap buffer layer is inserted between the microcrystalline and crystalline silicon. Modeling studies showed that the wide band-gap a-Si:H buffer layer is able to prevent electron backdiffusion into the p ϩ layer, which reduces the high recombination losses in the microcrystalline layer. An extra atomic hydrogen passivation treatment prior to buffer layer deposition, in order to reduce the number of defect states close to the interface, did further enhance V oc and fill factor, resulting in an efficiency of 12.2% for a heterojunction cell without a BSF and texturization.
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